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On the other side, the RRGS algorithm performs only one selection per time slot, and involves 
simple structure of the central controller. So, WRRGS can potentially be used in a switch with a 



Applicant has shown that WRRGS can flexibly allocate at least 50% of the total switch capacity. 

Different architectures for optical packet-switching fabrics have been proposed. Optical 
cross-connects capable to reconfigure on the nanosecond time scale seem to be the best 
candidates for a switch core due to their simplicity. Namely, the complexity and cost of the 
optical technology are very high, so that simplicity of the switch core is essential. Key fast 
switching optical devices that can be used in packet switches are semiconductor optical 
amplifiers (SOA) and rapidly tunable lasers. 

In the most straightforward design, a packet switch with N inputs and N outputs require 
N 2 SOAs which are playing the role of gates. However, by combining WDM with space division 
multiplexing, the overall switch complexity measured in the number of SOAs is significantly 
reduced: the number of SOAs in a switch is decreased to 2N \ r ~N while N \' N x ; v ,r N 
waveguide grating routers (WGR) are added. The 256 x 256 switch with the switching time of 5 
ns has been demonstrated. If line bitrate is 10 Gbps, short packets of 64 bytes last 64 ns and 
could be successfully switched in the proposed architecture. The total switching capacity in that 
case would be 256 x lOGb/s = 2.56 Tb/s. 

Alternatively, each input of a packet switch is equipped with the fast tunable laser which 
is connected to the outputs through large WGR. Fast tunable laser tunes to the wavelength that 
will be routed by WGR to the packet designated destination. The 80 x 80 switch with the 
switching time of 100 ns has been demonstrated. Thus, the proposed architecture would switch 
only longer packets. But, the long switching time is the result of the driver design and not the 
laser limitation. It has been shown in that the same laser can tune among wavelengths within 
less than 15ns. 

A. Protocol Description 

The WPIM and WRRGS protocols compare similarly as the PIM and RRGS protocols. 
The PIM protocol consists of several iterations: all inputs send requests to the outputs for which 
they have packets to send, requested outputs send acknowledgements to their selected inputs, and 



larger number of ports and/or higher line bit-rate, i.e. in a switch with a higher capacity. 



i reserves an output for time slot k + N - i within frame fa - N - i)/F L where I x i is the 
smallest integer not smaller than Also, input i resets its counters cij: 0 ± j - N- 1 . m 
time slotsTlF + 1 - N + i, where j >, Tn/fI Time diagram for this first case of WRRGS w 
applied in a 5 x 5 switch is shown in Figure 3. This figure shows the relation between 
inputs and the time-slots for which they are choosing their outputs. For example, in time 
slot T 5 , input h is scheduling or choosing an output for transmission during time slot To. 
while I 3 is scheduling for time slot T 7 and so on. After it chooses an output, e.g.. input li 
forwards the control information (about available outputs) to input I 2 which reserves an 
output for time slot T 9 in the next time slot T 6 . Bold vertical line denotes that input I 0 
starts a new schedule choosing any of the outputs, i.e. it does not receive the control 
information from input I4. 

Pipelining proposed for RRGS in might be applied to WRRGS in order to 
equalize inputs. Time diagram for this case of WRRGS applied in a 5 x 5 switch is 
shown in Figure 4. Here, in each time slot another input starts a schedule. But, an.input 
might interchangeably reserve outputs for different frames. For example, input I c 
reserves an output for time slot Tn in time slot T 6 , and it reserves an output for time slot 
T 9 in the next time slot T 7 . If the frame length is F = 5, then input I 0 interchangeably 
reserves outputs for frames F3 and F 2 . For a reasonable assumption that F ? N, an input 
might interchangeably reserve outputs for at most two consecutive frames. So, each 
queue should be assigned multiple counters related to different frames. Depending on the 
future time slot for which an input reserves an output, a specified counter of the chosen 
queue will be decremented by one. Counters are reset every F time slots. 

Let us now consider all 1-9 steps of the pipelined WRRGS, including service of 
the best-effort traffic. In any time slot k, each input chooses outputs for two different 
time slots in future, k + N - i and k + 2 *N - i within frames Ifk + N - i)/Fl and fk + 2 *N - 
i)/F~L First, an input reserves an output with the positive counter for time slot k + 2 N - 
i, then, it reserves any output for time slot k + N - i. Also, input i resets its counters cij, 0 
j N- 1, in time slots (IF + 1 - 2 -N + i, where,! V 1 2 N/Fl. Figure 5 shows the time 
diagram for all 1-9 steps of WRRGS applied in a 3 x 3 switch. For example, in time slot 
T7, input Ii chooses one of the available prioritized outputs for the time slot T^, and then 



it chooses any of the available outputs for time slot TV This is because input I, uses us 
first chance to schedule for time slot T, 2 in time slot T 7 . and. therefore, it considers only 
queues with positive counters. On the other side, input I, uses the second chance to 
schedule for time slot T 9 in time slot T 7 , and, therefore, it considers all queues for service. 
It is possible to equalize inputs assuming service of the best-effort traffic as well. 
C. Protocol Performance 

It is essential to determine the portion of the switch capacity that a scheduling 
algorithm can share among the inputs. More precisely, we want to determine the 
maximum admissible utilization, p, of any input or output line: 

0<i,j<N-l, 

which can be guaranteed to the input-output pairs. So, if input-output pair (i, j) requests 
<>v a new portion of bandwidth, £pj, it is accepted if: 

+*Py<P, 

m 

\ ^ and input-output pair (i, j) is assigned L$\= Hipj * F] new time slots per frame. We will 
prove that p = 1/2 for the WRRGS, due to the fact that the RRGS finds a maximal 
matching between inputs and outputs. 

Lemma: 1 The WRRGS protocol ensures time slots per frame to input-output 

r \ pair (i, j), 0 ^ i, j ^ N 1 , if the following condition holds: 

2>*. + 5>*- fl »* /r ' ( 2 ) 
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Proof: Only prioritized packets are being viewed as if WRRGS consists only of 
steps 1 -5. Observe time slots within a frame in which either input i or output j are 
connected, but they are not connected to each other. In each of these time slots, sum 
s _ £ Cjm + Y^Cmj is greater than 0, and then it is decremented by at least 1 Sum s,; is 

mmj m*i 

the largest at the beginning of a frame and from (2), it fulfills: 

As a conclusion, in at least ay time slots per frame neither input i is connected to some 
output other than j, nor output j is connected to some input other than i. In these time 
slots, input i reserves output j if there are packets in queue (i, j) and unused credits cy > 0. 
This is because none of the inputs have chosen output j before input i, and input i is not 
choosing any other output. Therefore, input i will choose output j as supposed by RRGS, 
and by any other algorithm that finds a maximal matching between inputs and outputs. In 
summary, if condition (2) is fulfilled then ay time slots per frame are guaranteed to input- 
output pair (i,j). 

Lemma 2: The WRRGS protocol ensures ay time slots per frame to input-output 
pair (i, j), 0^ i, j £ N- 1, if the following condition holds: 

2.°.*. -"7"' 



Ya < 



F + l 



(4) 



Proof: From inequality (4), it follows that: 

m m 
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since a (J > 1 . Because inequality (4) implies inequality (2), Lemma 1 directly follows 
from Lemma 2. 

Theorem: The WRRGS protocol ensures Pij of the line bit-rate to input-output 
» / pair (i, j), 0^ i, j $ N- 1, if the following condition holds: 

> ' ' V <i 

f * Pirn — +y ' 



^ * m/ ~ 2 * ^ ^ 



Proof: Condition (5) implies (4), so Theorem follows from Lemma 2. 

The above theorem holds for the WPIM as well, considering the fact that PIM finds a 

maximal matching between inputs and outputs. 

\ V Admission control in WRRGS is simple, new J> aj time slots are assigned to input- 
output pair (i, j) if: 

^ a ^ F + 1 



5>.»- • (6) 

n; ~ 

Central controller does not have to precompute schedule when a new request is admitted. 
\ ^Only input i has to update the value of a (J - ^ + <ia,j, 0 ± j i N 1 . in order to set the 
correct counter value c X) = a^ at the beginning of each frame. Consequently, WRRGS can 
follow fast changes of traffic pattern. 
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information about outputs reserved in each time slot of a frame. An input module also stores a 
table about its reserved output in each time slot of a frame. Moreover, the time slot duration can 
be very short in circuit switches, so that a selection takes multiple, e.g. r. time slots to be 
calculated. It follows that the bandwidth allocation can be changed in every block of r frames. 
Both bandwidth reservation and release are based on credits. At the beginning of a block of 
frames, each counter is loaded to the difference of the number of time slots newly assigned to the 
input-output pair, and the number of time slots released by this pair. 

If the counter value is negative, an input-output pair releases its previously assigned time 
slot and increments the counter by one, until it becomes zero. Otherwise, if the counter value is 
positive, an input-output pair reserves time slots in a frame, and decrements the counter until its 
value is zero. As before, new bandwidth is allocated to some input-output pair if inequalities are 
fulfilled. Inputs sequentially release previously assigned time slots and then sequentially reserve 
admitted time slots, one after another. Pipelining can be applied. For example, input i releases 
an output r(2N-i + l) time slots in advance, and reserves an output r (N - i + 1) time slots in 
advance. Input picks up output that has not been reserved in some of the previous blocks of 
frames, or by some of the previous inputs which reserve the outputs for the same time slot in the 
current block of frames. Note that each node would learn about all released and reserved outputs 
for some future time slot exactly r N time slots after it releases or reserves an output for that 
time slot. So, the node can store the information in its tables before the next block of frames as 
long as rN £ rF, which is the case of interest. In a conclusion, in arbitrary block of frames the ^~ 
scheduler accepts new bandwidth requests, in the next block of frames it calculates new time slot 
assignment, and finally in the third block of frames the circuits are switched according to the 
new schedule. Of course, this process is also pipelined so that the switch time slot assignment 
can be changed at the beginning of each block of frames. 

In accordance with the present invention, a simple way to flexibility share bandwidth in 
switches with input buffering has been described. The simplicity of the proposed protocol makes 
it attractive for switching of several Tb/s, assuming the current technology. It has also been 
shown that the proposed WRRGS can share at least 50% of the total switch capacity. 

WRRGS has several desirable features. First, WRRGS algorithm can serve traffic with 
fast varying bandwidth requirements typical in data networks. Second, WRRGS requires simple 
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On the other side, the RRGS algorithm performs only one selection per time slot, and involves 
simple structure of the central controller. So, WRRGS can potentially be used in a switch with a 
larger number of ports and/or higher line bit-rate, i.e. in a switch with a higher capacity. 
Applicant has shown that WRRGS can flexibly allocate at least 50% of the total switch capacity. 

Different architectures for optical packet-switching fabrics have been proposed. Optical 
cross-connects capable to reconfigure on the nanosecond time scale seem to be the best 
candidates for a switch core due to their simplicity. Namely, the complexity and cost of the 
optical technology are very high, so that simplicity of the switch core is essential. Key fast 
switching optical devices that can be used in packet switches are semiconductor optical 
amplifiers (SOA) and rapidly tunable lasers. 

In the most straightforward design, a packet switch with N inputs and N outputs require 
N 2 SOAs which are playing the role of gates. However, by combining WDM with space division 
multiplexing, the overall switch complexity measured in the number of SOAs is significantly 
reduced: the number of SOAs in a switch is decreased to 2N VN while VN VN x Vn 
waveguide grating routers (WGR) are added. The 256 x 256 switch with the switching time of 5 
ns has been demonstrated. If line bitrate is 10 Gbps, short packets of 64 bytes last 64 ns and 
could be successfully switched in the proposed architecture. The total switching capacity in that 
case would be 256 x lOGb/s = 2.56 Tb/s. 

Alternatively, each input of a packet switch is equipped with the fast tunable laser which 
is connected to the outputs through large WGR. Fast tunable laser tunes to the wavelength that 
will be routed by WGR to the packet designated destination. The 80 x 80 switch with the 
switching time of 100 ns has been demonstrated. Thus, the proposed architecture would switch 
only longer packets. But, the long switching time is the result of the driver design and not the 
laser limitation. It has been shown in that the same laser can tune among wavelengths within 
less than 15ns. 

A. Protocol Description 

The WPIM and WRRGS protocols compare similarly as the PIM and RRGS protocols. 
The PIM protocol consists of several iterations: all inputs send requests to the outputs for which 
they have packets to send, requested outputs send acknowledgements to their selected inputs, and 



i reserves an output for time slot k + N - i within frame |"(k + N - i)/F~l, where Txl is the 
smallest integer not smallef thkn x.' Also, input i resets its counters cij, 0 < j < N - 1; in 
time slots mF + 1 - N + i, where ni > fN/Fl. Time diagram for this first case of WRRGS 
applied in a 5 x 5 switch is shown in Figure 3. This figure shows the relation between 
inputs and the time slots for which they are choosing their outputs. For example, in time 
slot T 5 , input Ii is scheduling or choosing an output for transmission during time slot Tq, 
while I 3 is scheduling for time slot T 7 and so on. After it chooses an output, e.g., input Ii 
forwards the control information (about available outputs) to input 1 2 which reserves an 
output for time slot T 9 in the next time slot T 6 . Bold vertical line denotes that input Io 
starts a new schedule choosing any of the outputs, i.e. it does not receive the control . 
information from input Lj. 

Pipelining proposed for RRGS in might be applied to WRRGS in order to 
equalize inputs. Time diagram for this case of WRRGS applied in a 5 x 5 switch is 
shown in Figure 4. Here, in each time slot another input starts a schedule. But, an input 
might interchangeably reserve outputs for different frames. For example, input I 0 
reserves an output for time slot T\ 1 in time slot T 6 , and it reserves an output for time slot 
T 9 in the next time slot T 7 . If the frame length is F = 5, then input I 0 interchangeably 
reserves outputs for frames F 3 and F 2 . For a reasonable assumption that F > N, an input 
might interchangeably reserve outputs for at most two consecutive frames. So, each 
queue should be assigned multiple counters related to different frames. Depending on the 
future time slot for which an input reserves an output, a specified counter of the chosen 
queue will be decremented by one. Counters are reset every F time slots. 

Let us now consider all 1-9 steps of the pipelined WRRGS, including service of 
the best-effort traffic. In any time slot k, each input chooses outputs for two different 

time slots in future, k + N - i and k + 2 • N - i within frames [~(k + N - i)/Fl and Rk + 2 • N 

- \)/FX First, an input reserves an output with the positive counter for time slot k + 2 * N - 
i, then, it reserves any output for time slot k + N - i. Also, input i resets its counters cij, 0 
< j < N - 1 , in time slots mF + 1 - 2 • N + i, where m > [2 • N/F~l. Figure 5 shows the time 
diagram for all 1-9 steps of WRRGS applied in a 3 x 3 switch. For example, in time slot 
T 7 , input Ii chooses one of the available prioritized outputs for the time slot Tj 2 , and then 
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it chooses any of the available outputs for time slot T 9 . This is because input I] uses its 
first chance to schedule for time slot Ti 2 in time slot T 7 , and, therefore, it considers only 
queues with positive counters. On the other side, input Ii uses the second chance to 
schedule for time slot T 9 in time slot T 7 , and, therefore, it considers all queues for service- 
It is possible to equalize inputs assuming service of the best-effort traffic as well. 
C. Protocol Performance 

It is essential to determine the portion of the switch capacity that a scheduling 
algorithm can share among the inputs. More precisely, we want to determine the 
maximum admissible utilization, p, of any input or output line: 

Z^ = 7Z a - -P* 

m " m 

m •* m 

o<i,j<N-i, 

which can be guaranteed to the input-output pairs. So, if input-output pair (i, j) requests 
a new portion of bandwidth, Apy, it is accepted if: 

m 
m 

and input-output pair (i, j) is assigned Aay = TAp^ Fl new time slots per frame. We will 
prove that p = 1/2 for the WRRGS, due to the fact that the RRGS finds a maximal 
matching between inputs and outputs. 

Lemma 1 : The WRRGS protocol ensures a*j time slots per frame to input-output 
pair (i, j), 0 < i, j < N - 1 , if the following condition holds: 
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Proof: Only prioritized packets are being viewed as if WRRGS consists only of 
steps 15. Observe time slots within a frame in which either input i or output j are 
connected, but they are not connected to each other. In each of these time slots, sum 
s <> = X c ™ + X c »y 1S & eater tnan °» and tnen 11 is decremented by at least 1 . Sum Sjj is 

m*j m*i 

the largest at the beginning of a frame and from (2), it fulfills; 

As a conclusion, in at least aij time slots per frame neither input i is connected to some 
output other than j, nor output j is connected to some input other than i. In these time 
slots, input i reserves output j if there are packets in queue (i, j) and unused credits cy > 0. 
This is because none of the inputs have chosen output j before input i, and input i is not 
choosing any other output. Therefore, input i will choose output j as supposed by RRGS, 
and by any other algorithm that finds a maximal matching between inputs and outputs. In 
summary, if condition (2) is fulfilled then ay time slots per frame are guaranteed to input- 
output pair (i, j). 

Lemma 2: The WRRGS protocol ensures ay time slots per frame to input-output 
pair (i, j), 0 < i, j <N - 1, if the following condition holds: 

^ F + l 

m ^ 

(4) 

Proof: From inequality (4), it follows that: 
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since > 1. Because inequality (4) implies inequality (2), Lemma 1 directly follows 
from Lemma 2. 

Theorem: The WRRGS protocol ensures p-,, of the line bit-rate to input-output 
pair (i, j), 0 < i, j <N - 1, if the following, condition holds: 

/ * Pirn ~ 9 



Proof: Condition (5) implies (4), so Theorem follows from Lemma 2. 

The above theorem holds for the WPIM as well, considering the fact that PIM finds a 

maximal matching between inputs and outputs. 

Admission control in WRRGS is simple, new Aajj time slots are assigned to input- 
output pair (i, j) if: 

^ a * F + l 



Ya mi +& aii < — , (6) 

m *~ 

Central controller does not have to precompute schedule when a new request is admitted. 
Only input i has to update the value of ay <- ay + Aay, 0 < j < N - 1 , in order to set the 
correct counter value cy = ay at the beginning of each frame. Consequently, WRRGS can 
follow fast changes of traffic pattern. 
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information about outputs reserved in each time slot of a frame. An input module also stores a 
table about its reserved output in each time slot of a frame. Moreover, the time slot duration can 
be very short in circuit switches, so that a selection takes multiple, e.g. r, time slots to be 
calculated. It follows that the bandwidth allocation can be changed in every block of r frames. 
Both bandwidth reservation and release are based on credits. At the beginning of a block of 
frames, each counter is loaded to the difference of the number of time slots newly assigned to the 
input-output pair, and the number of time slots released by this pair. 

If the counter value is negative, an input-output pair releases its previously assigned time 
slot and increments the counter by one, until it becomes zero. Otherwise, if the counter value is 
positive, an input-output pair reserves time slots in a frame, and decrements the counter until its 
value is zero. As before, new bandwidth is allocated to some input-output pair if inequalities are 
fulfilled. Inputs sequentially release previously assigned time slots and then sequentially reserve 
admitted time slots, one after another. Pipelining can be applied. For example, input i releases 
an output r(2N-i + 1) time slots in advance, and reserves an output r (N - i + 1) time slots in 
advance. Input picks up output that has not been reserved in some of the previous blocks of 
frames, or by some of the previous inputs which reserve the outputs for the same time slot in the 
current block of frames. Note that each node would learn about all released and reserved outputs 
for some future time slot exactly r • N time slots after it releases or reserves an output for that 
time slot. So, the node can store the information in its tables before the next block of frames as 
long as rN < rF, which is the case of interest. In a conclusion, in arbitrary block of frames the 
scheduler accepts new bandwidth requests, in the next block of frames it calculates new time slot 
assignment, and finally in the third block of frames the circuits are switched according to the 
new schedule. Of course, this process is also pipelined so that the switch time slot assignment 
can be changed at the beginning of each block of frames. 

In accordance with the present invention, a simple way to flexibility share bandwidth in 
switches with input buffering has been described. The simplicity of the proposed protocol makes 
it attractive for switching of several Tb/s, assuming the current technology. It has also been 
shown that the proposed WRRGS can share at least 50% of the total switch capacity. 

WRRGS has several desirable features. First, WRRGS algorithm can serve traffic with 
fast varying bandwidth requirements typical in data networks. Second, WRRGS requires simple 
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What is claimed is: 

1 . A method of allocating bandwidth for use at a packet switch having a plurality of inputs 
for switching to specified outputs and a plurality of corresponding input buffers having input- 
output queues and associated counters, said method comprising the steps of: 

dividing time into a plurality of frames of time slots, each frame having a specified 
integer value of time slots; 

loading said counters associated with said input-output queues to said negotiated integer 
value once per said frame; 

said inputs sequentially selecting available said outputs to which said inputs send packets 
in specified future time slots, wherein priority is given to input-output queues with said 
counters having positive values; 

said selection of outputs by said inputs being done using a pipeline technique, w herein a 
schedule is calculated within multiple time slots, wherein schedules for multiple fiuurc lime slots 
being calculated in each time slot: and 

decrementing said counters of selected queues by 1 . 
2. A method of allocating bandwidth in a circuit switch having a plurality of inputs for 
switching to outputs, input tables and input-output counters, said method comprising the steps of: 

dividing time into a plurality of (data) frames comprising (data) time slots, and 
reservation frames comprising reservation time slots, each frame having a specified number of 
time slots; 

• loading said counters to the difference between the current total number of negotiated 
credits and the total number of released credits in the previous said reservation frame; 

said inputs sequentially releasing the time slot reservations for outputs if their 
corresponding counters are negative; 

said inputs sequentially reserving time slots for unreserved outputs if their 
corresponding counters are positive; 

whenever said input releases an output, the corresponding counter is incremented by 1, 
and whenever said input releases reserves an output the corresponding counter is decremented by 
1; 
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said input tables: being updated after all inputs have had a chance to release and reserve 
outputs for future time slots, storing outputs reserved in each time slot of a frame, and outputs 
reserved by the corresponding input in each time slot of a frame; and 

said release, reservation of time slots and table update of outputs by said inputs being 
done using a pipeline technique, wherein a schedule is calculated within multiple reservation 
time slots, and schedules for multiple future time slots are calculated in each reservation time 
slot. 

3. The method of claim 1 , comprising a pipeline technique where input L /=0, 1 N- 1 

chooses output for time slot k in time slot k - [{N-iVp] where p is the number of selections made 
in one time slot, and [x] is the smallest integer greater or equal to x. 

4. The method of claim 1 , comprising a pipeline technique where input /. /=0.1 A r - 1 . 

chooses an output from group of outputs /. /=0.1 ..../>-!. for lime slot k in time slot k-((N-ir-p-!) 
where p is the number of time slots required for one seicciion. 

5. The method of claim 2. comprising a pipeline technique where input / releases output for 

time slot k+mF, 1 r 2 in time slot [k-{2N-i)/p i. and input / chooses output for time slot 

k+mF. /;/ = 1.2.... in time slot \k-(N'i)/p\ where p is the integer ratio of the time slot duration and 
the reservation time slot duration, and [x] is the smallest integer greater or equal to a*. 

6. The method of claim 2, comprising a pipeline technique where input /. i-0, 1 N-I 

releases an output from group of outputs l,I=0J,...,p-l, for time slot k+mF, m=l ? 2,... in time 
slot k-((N-i)*p-l)-Np 9 and input i chooses an output from group of outputs / for time slot k+mF, 
m=l,2,... in time slot k-((N-i) */?-/) where p is the ratio of the durations of the reservation time 
slot and (data) time slot. 

7. The method of claim 2, comprising a pipeline technique wherein input table / is finally 
updated N reservation time slots after it reserved the output. 

8. The method of claims 3 and 5, wherein input / loads its counters in time slot 

9. The method of claims 4 and 6, wherein input i loads its counters for group of outputs / 
in time slot k*F+l-((N-i)*p-[). 

10. The method of claim 2, comprising a pipeline technique where input / releases output for 
time slot k+nF+mpF, k<F t m, n=l,2,... in reservation time slot (m-l)F+fc-(2A^-/), and input / 

-16- 



chooses output for time slot Jc+nF+mpF, m, n= 1 ,2,. . . in reservation time slot (/w- 1 )F+k-(N-i) 
where p is the integer ratio of the reservation time slot duration and the time slot duration. 

1 1 . The method of claim 10, wherein input i loads its counters in reservation time slot (m- 
\)F+l-(2N-i). 

1 2. The method of claim 1 and 2 further comprising the step of negotiating values of time 
slots per frame associated with input-output pairs, wherein input-output pair (ij) can be allocated 
additional A<7 f> time slots per frame of length F if it holds that: 

m n: 

where a kn 0 < kj < N -1, is the number of time slots previously assigned to input-output pair 
[LI), and /V is the number of inputs and outputs. 

13. The method of claim 1 and 2 further comprising the step of negotiating values of time 
slots per frame associated with input-output pairs, wherein input-output pair (/,/) can be allocated 
additional A<rr time slots per frame of length F if it holds that: 

+ A<r < (F + D/2, £>„„ < OF + D/2, 

in m 

where a kl ,0 < kj < N - 1, is the number of time slots previously assigned to input-output pair 

(uy 

14. The method of claim 1 and 2 further comprising the step of updating the number of credits 

per frame assigned to input-output pair, when its bandwidth request is accepted, or when it 

releases previously reserved bandwidth: 

a <— a + Aa 
ij ij ij 

15. The method of claims 12 and 13 wherein steps 3 and 4 of bandwidth allocation method 1 
are replaced with any maximal matching algorithm, wherein maximal matching algorithm is the 
one in which either input will transmit packet or receiver will receive packet in some time slot if 
there is at least one packet from said input to the said output. 

16. The methods of claims 12 and 13 wherein steps 3 and 4 of method 1 are replaced with 
the previously proposed parallel iterative matching algorithm (PIM) which is maximal matching 
algorithm defined in claim 15. 
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17. The method of claim 1 3 wherein applied to the bandwidth allocation in wide area 
network, wherein switches in wide area network advertise to other switches reserved bandwidth 
on all its input and output links: 

B^/F, 5j> m ,/F,0</,y<N-l, 

m n 

where B i , B- , are bit-rates of the corresponding links. When new bandwidth AB is requested 
between two nodes in the network, then all links for which: 

ab>b ( /2-b;, 

are excluded from the network if B f is the link bit-rate, and B[ is the link reserved bit-rate 
(bandwidth), and bandwidth is reserved according to any routing protocol (such as OSPF) using 
remaining links from the source to the destination. 

18. The method of claim 1 implemented for short packet transmission time T wherein new 
bandwidth can be allocated fast by using methods 12 and 13 within FT even for long frames 
lengths F, wherein one time slot per frame guarantees bandwidth of B/F by using methods 1 2 or 
13, where B is the line bit-rate and minimum guaranteed bandwidth can be made low by 
increasing F. 

19. An apparatus for allocating bandwidth for use at a packet switch having a plurality of 
inputs for switching to specified outputs and a plurality of corresponding input buffers having 
input-output queues, said buffers being coupled to said input-output and having associated 
counters, said method comprising the steps of: 

time division means for dividing time into a plurality of frames of time slots, each frame 
having a negotiated integer value of time slots; 

loading means for loading said counters associated with said input-output queues to said 
negotiated integer value once per said frame; 

wherein said inputs sequentially selecting available said outputs to which said inputs send 
packets in specified future time slots, wherein priority is given to input-output queues with 
positive counters; 

and wherein selection of outputs by said inputs is done using a pipeline technique, and 
wherein not all inputs select outputs for a specified time slot in the future while other inputs 
choose outputs for some other future time slots. 

-18- 



20. The apparatus of claim 1 9 further including means for negotiating values of time slots per 
frame associated with input-output pairs, wherein input-output pair (/,;") can be allocated 
additional Aa tj time slots per frame of length F if it holds that: 

Za +Y a mi - a„ + Aa n < F , 

m m . 

where a t , .0 < k. ! < N - K is the number of time slots previously assigned to input-output pair 
(it,/), and N is the number of inputs and outputs. 

21 . The apparatus of claim 20 further including negotiating means for negotiating values of 
time slots per frame associated with input-output pairs, wherein input-output pair (/,;') can be 
allocated additional A<a. time slots per frame of length F if it holds that: 

£ a im +Aa ii <{F + \)/2, ^a mj + Aa- <(F + \)/ 2, 

where a u : 0 < k.l < N - ! ? is the number of lime slots previously assigned to input-output pair 

22. A method of exchanging the information through a packet switch having a plurality of inputs 
for switching to specified outputs and a plurality of corresponding input buffers having input- 
output queues and associated counters, said method comprising the steps of: 

attaching users to each input/output port so that their total transmission and reception 
capacities is less than a half of the port capacity; 

prior to sending packets source check the available reception capacity of the destination 
and transmits packets to it not exceeding this capacity; 

packets are scheduled in a switch according to the maximal matching algorithm as 
defined in claim 15; 

23. A method of claim 22 wherein the maximal matching algorithm in step 3 is the algorithm in 
which inputs sequentially select outputs, and which may be implemented by using a pipeline 
technique as defined in claim 1 . 
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-HAND-MAkKED-UP copy of claims 

What is claimed is: 

1 . A method of allocating bandwidth for use at a packet switch having a plurality of inputs 
for switching to specified outputs and a plurality of corresponding input buffers having input- 
output queues and associated counters, said method comprising the steps of: 

dividing time into a plurality of frames of time slots, each frame having a specified 
integer value of time slots; 

loading said counters associated with said input-output queues to said negotiated integer 
value once per said frame; 

said inputs sequentially selecting available said outputs to which said inputs send packets 
in specified future time slots, wherein priority is given to input-output queues with said 
counters having positive values; 

said selection of outputs by said inputs being done using a pipeline technique, wherein a 
schedule is calculated within multiple time slots, wherein schedules for multiple future time slots 
being calculated in each time slot; and 

decrementing said counters of selected queues by 1 . 

2. A method of allocating bandwidth in a circuit switch having a plurality of inputs for 
switching to outputs, input tables and input-output counters, said method comprising the steps of: 

dividing time into a plurality of (data) frames comprising (data) time slots, and 
reservation frames comprising reservation time slots, each frame having a specified number of 
time slots; 

loading said counters to the difference between the current total number of negotiated 
credits and the total number of released credits in the previous said reservation frame; 

said inputs sequentially releasing the time slot reservations for outputs if their 
corresponding counters are negative; 

said inputs sequentially reserving time slots for unreserved outputs if their 
corresponding counters are positive; 

whenever said input releases an output, the corresponding counter is incremented by 1, 
and whenever said input releases reserves an output the corresponding counter is decremented by 

l; 
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said input tables being updated after all inputs have had a chance to release and reserve 
outputs for future time slots, storing outputs reserved in each time slot;of aTrame, and outputs 
reserved by the corresponding input in each time slot of a frame; and 

said release, reservation of time slots and table update of outputs by said inputs being 
done using a pipeline technique, wherein a schedule is calculated within multiple reservation 
time slots, and schedules for multiple future time slots are calculated in each reservation time 
slot. " 

3. The method of claim 1 , comprising a pipeline technique where input /'. f =0, 1 , . . . JV- 1 
chooses output for time slot Jfc in time slot k - \{N-i)/p\ where p is the number of selections made 
in one time slot, and |Y| is the smallest integer greater or equal to x. 

4. The method of claim 1, comprising a pipeline technique where input /', /=0,L....AM . 
chooses an output from group of outputs /. /=0,l...,/7-l, for time slot k in time slot k+{(N-i)*p-l) 
where p is the number of time slots required for one selection. 

5. The method of claim 2, comprising a pipeline technique where input / releases output for 
time slot k+mF, m=l,2 f ... in time slot \k-{2N-i)/p\ and input / chooses output for time slot 
k+mF, m=L2,... in time slot [k-(N-i)/p\ where p is the integer ratio of the time slot duration and 
the reservation time slot duration, and IY1 is the smallest integer greater or equal to w 

6. The method of claim 2, comprising a pipeline technique where input /, i=0, l f ...,N-l 
releases an output from group of outputs 1,1=0,1 ,...,p-l, for time slot k+mF, /w=l,2,... in time 
slot it-((7V-0*/?-/)rand input / chooses an output from group of outputs / for time slot k+mF, 
m=l,2,... in time slot kf({N-i)*p-l) where p is the ratio of the durations of the reservation time 
slot and (data) time slot. 

7. The method of claim 2, comprising a pipeline technique wherein input table / is finally 
updated AT reservation time slots after it reserved the output. 

8. The method of claims 3 and 5, wherein input i loads its counters in time slot fc*F+l-T(tf- 
i)/p\ 

9. The method of claims 4 and 6, wherein input i loads its counters for group of outputs / 
in time slot jt*F+l-((N-/)*p-0- 

10. The method of claim 2, comprising a pipeline technique where input / releases output for 
time slot k+nF+mpF f k<F t m, n=l,2,... in reservation time slot (m-\)F+k-(2N-i), and input / 
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chooses output for time slot k+nF+mpF, m, w=l,2 ? ... in reservation time slot (m-l)F+k-(N-i> 
where p is the integer ratio of the reservation time slot duration and the time slot duration. 
1 1 . The method of claim 10, wherein input / loads its counters in reservation time slot (m- 
l)F+l-(2tf-i). 



12. The method of claim V further comprising the step of negotiating values of time slots per 
frame associated with input-output pairs, wherein input-output pair (ij) can be allocated 
additional Aa. time slots per frame of length F if it holds that: 

where a u ,0< k.l <N-\, is the number of time slots previously assigned to input-output pair 
(k.l), and A' is the number of inputs and outputs. 

1 3. The method of claim Pfurther comprising the step of negotiating values of time slots per 
frame associated with input-output pairs, wherein input-output pair (/,/) can be allocated 
additional A</ ;/ time slots per frame of length F if it holds that: 

!>„„ +Aa ij <(F + \)/2, £a M . +Aa jj <(F + l)/2. 

where a t ..O < kj <N-L is the number of time slots previously assigned to input-output pair 

(U). 

14. The method of claim 2 further comprising the step of updating the number of credits per 
frame assigned to input-output pair, when its bandwidth request is accepted, or when it releases 
previously reserved bandwidth: 

1 5. The method of claims 1 2 and 1 3 wherein steps 3 and 4 of bandwidth allocation method 1 
are replaced with any maximal matching algorithm, wherein maximal matching algorithm is the 
one in which either input will transmit packet or receiver will receive packet in some time slot if 
there is at least one packet from said input to the said output. 

1 6. The methods of claims 1 2 and 1 3 wherein steps 3 and 4 of method 1 are replaced with 
the previously proposed parallel iterative matching algorithm (MM) which is maximal matching 
algorithm defined in claim 15. 
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17. The method of claim 3 wherein applied to the bandwidth allocation in wide area network, 
wherein switches in wide area network advertise to other switches reserved bandwidth on all its 
input and output links: 

mm 

where 5, ,B, , are bit-rates of the corresponding links. When new bandwidth AB is requested 

between two nodes in the network, then all links for which: 

AB>B t /2-B;, 

are excluded from the network if B t is the. link bit-rate, and B\ is the link reserved bit-rate 
(bandwidth), and bandwidth is reserved according to any routing protocol (such as OSPF) using 
remaining links from the source to the destination. 

18. The method of claim 1 implemented for short packet transmission time T wherein new 
bandwidth can be allocated fast by using methods 12 and 13 within fTeven for long frames 
lengths F 9 wherein one time slot per frame guarantees bandwidth of B/F by using methods 12 or 
13. where B is the line bit-rate and minimum guaranteed bandwidth can be made low by 
increasing F. 

19. An apparatus for allocating bandwidth for use at a packet switch having a plurality of 
inputs for switching to specified outputs and a plurality of corresponding input buffers having 
input-output queues, said buffers being coupled to said input-output and having associated 
counters, said method comprising the steps of: 

time division means for dividing time into a plurality of frames of time slots, each frame 
having a negotiated integer value of time slots; 

loading means for loading said counters associated with said input-output queues to said 
negotiated integer value once per said frame; 

wherein said inputs sequentially selecting available said outputs to which said inputs send 
packets in specified future time slots, wherein priority is given to input-output queues with 
positive counters; 

and wherein selection of outputs by said inputs is done using a pipeline technique, and 
wherein not all inputs select outputs for a specified time slot in the future while other inputs 
choose outputs for some other future time slots. 
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20. The apparatus of claim 19 further including means for negotiating values of time slots per 
frame associated with input-output pairs, wherein input-output pair can be allocated 
additional Aa fJ time slots per frame of length/" if it holds that: 

m m . 

where a kn 0 < k.l < N - 1. is the number of time slots previously assigned to input-output pair 
(/:,/), and /V is the number of inputs and outputs. 

21. The apparatus of claim 20 further including negotiating means for negotiating values of 
time slots per frame associated with input-output pairs, wherein input-output pair (/./) can be 
allocated additional Aa 0 time slots per frame of length F if it holds that: 

2X+Aa f> <{F + ])/2. <(F + l)/2, 

"' IK 

where a kn 0 <kj< N - \, is the number of time slots previously assigned tc input-output pair 
(k.l). 
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